A predictive Fasciola hepatica model, based on the growing degree day-water budget (GDD-WB) concept and the known biological requirements of the parasite, was developed within a geographical information system (GIS) in Colombia. Climate-based forecast index (CFI) values were calculated and represented in a national-scale, climate grid (18 x 18 km) using ArcGIS 9.3. A mask overlay was used to exclude unsuitable areas where mean annual temperature exceeded 25 °C, the upper threshold for development and propagation of the F. hepatica life cycle. The model was then validated and further developed by studies limited to one department in northwest Colombia. F. hepatica prevalence data was obtained from a 2008-2010 survey in 10 municipalities of 6,016 dairy cattle at 673 herd study sites, for which global positioning system coordinates were recorded. The CFI map results were compared to F. hepatica environmental risk models for the survey data points that had over 5% prevalence (231 of the 673 sites) at the 1 km 2 scale using two independent approaches: (i) a GIS map query based on satellite data parameters including elevation, enhanced vegetation index and land surface temperature day-night difference; and (ii) an ecological niche model (MaxEnt), for which geographic point coordinates of F. hepatica survey farms were used with BioClim data as environmental variables to develop a probability map. The predicted risk pattern of both approaches was similar to that seen in the forecast index grid. The temporal risk, evaluated by the monthly CFIs and a daily GDD-WB forecast software for 2007 and 2008, revealed a major July-August to January transmission period with considerable inter-annual differences.
Introduction
Fasciola hepatica is an important cause of losses in animal productivity in sheep and cattle in Colombia, and F. hepatica is known to be an important zoonotic infection of humans in the Andean region (Marín and Martínez, 1977; Griffiths, 1986; Olaechea, 1994; Mas-Coma et al., 2001 , 2005 ). An incomplete understanding of the epidemiology of this snail-borne disease in Colombia currently limits design of appropriate control programmes based on identification of high-risk areas, seasonal transmission, economic losses in livestock and potential public health impact.
The distribution and abundance of F. hepatica is highly related to certain known environmental conditions (Olaechea, 1994; Dutra et al., 2010) and conforms to the "natural nidality of disease" concept and landscape epidemiology. Introduced by Pavlovsky in 1966 , the concept of natural nidality describes the unique relationship between a vector-borne disease and its host(s), which together form an ecosystem in a geophysical location in the landscape (biocoenose) Climatic factors in particular have been reported to be a sensitive means of forecasting annual F. hepatica prevalence and geospatial variability (Ollerenshaw and Rowlands, 1959; Malone et al., 1987; Malone and Yilma, 1999; Fuentes, 2006) .
The climate in this part of the world is strongly influenced by the roughly five years of periodic temperature variations of the surface of the tropical, eastern Pacific Ocean called the El Niño/La Niña Southern Oscillation (ENSO) events. The warm phase is known as El Niño and the cold La Niña and the accepted definition is a warming or cooling of the sea surface temperatures of at least 0.5 °C compared with the average value. When the warming or cooling occurs for less than a year the period is classified as an ENSO condition and when longer, an ENSO episode (http://iri.columbia.edu/climate/ENSO/background/pa stevent.html).
Geographical information systems (GIS) methodology provides a tool for mapping and modelling risk of F. hepatica and other diseases with strong environmental determinants, allowing computer-based analysis of multiple layers of mapped data in digital form, including sensor data from Earth observation satellites, climate data, elevation, vector distribution and disease prevalence (Yilma and Malone, 1998; Malone and Yilma, 1999; Malone, 2005; Dutra et al., 2010) . Consistent with the natural nidality concept, we used GIS methodology to develop climate forecast indices and to map endemic areas of fascioliasis in Colombia using models successfully applied elsewhere based on the growing degree day-water budget (GDD-WB) index (Malone et al., 1987; Malone, 2005) . This index considers known biologybased suitability parameters of this species from the literature and the two most important factors that influence the establishment and development of the host-parasite system are moisture and temperature (Malone et al., 1987; Olaechea, 1994) .
In the present study, we developed and contrasted the results of two fundamental approaches to mapping and modelling the distribution and abundance of fascioliasis in Colombia based on climate -regional scale "biology-based" models and local scale "geostatistical" models. The biology-based climate forecast model (18 x 18 km grid) was developed covering the entire country based on known biological and climatic requirements of the F. hepatica life cycle and GDD-WB analysis. The regional GDD-WB forecast grid (18 x 18 km) was then clipped to the boundaries of Antioquia, a department in northwest Colombia, and used to validate the results and contrast them to two geostatistical modelling methods covering the same area at 1 km 2 spatial resolution, first a GIS map query extrapolation and, second an ecological niche model based on maximum entropy software (MaxEnt). The latter is a geostatistical software tool that can be used for building models of a species' geographic distribution based on "presence-only" data points and a list of variables of potential environmental determinants as input. The model predicts probability of the species occurring in areas where no data is available based on modelling significantly associated environmental variables (Phillips et al., 2006) .
Materials and methods

Parasitological data
F. hepatica prevalence data in cattle was determined in field studies conducted from 2008 to 2010 in three sub-regions of the department of Antioquia in northwestern Colombia. A total of 10 municipalities were selected for study (Table 1 ; Fig. 1 ) based on their importance in the Antioquia dairy industry. The population sample for fascioliasis prevalence data consisted mainly of Holstein-Friesian cattle, but also included other dairy breeds. The total sample consisted of 10 municipalities, 226 veredas (sub-municipality political zones), 673 farms and 6,016 cattle (Table 2) .
Global positioning system (GPS) coordinates were recorded for each farm location. Elevation data were extracted from the Shuttle Radar Topography Mission (SRTM) data set (http://www2.jpl.nasa.gov/srtm/) and given as meters above the mean sea level (MSL).
The sedimentation method of Dennis et al. (1954) , modified by the Programa de Estudio y Control de Enfermedades Tropicales (PECET) laboratory, was Herd samples varied from 1 (for small herds) to 92 (for large herds) with an average of 10 faecal samples per herd. Only farms found to present over 5% prevalence of infection (n = 231) were included in the study.
Climate-based forecast using monthly data
Moisture and temperature, factors which directly influence the prevalence and transmission of fascioliasis (Olaechea, 1994) , were used to calculate a monthly climate forecast index (CFI) for Colombia. This index is based on the GDD-WB concept, and was calculated following the method of Malone et al. (1987) as:
where R is rainfall and PET potential evapotranspiration (calculated by the Penman method). The GDD concept assumes that the growth rate of an organism increases within a temperature range. Below the base temperature, the organism does not grow and above the optimum temperature, the growth rate declines (Ruselle et al., 1984) . In this formula, subtracting the factor PETx0.8 from rainfall is equivalent to adding monthly GDD if moisture storage is present in the top 2.5 cm layer of a 15 cm soil depth WB model (Malone and Yilma, 1999) . The monthly data and derived forecast calculations were extracted from a climate grid (18 x 18 km) of South America (30-year-average data) using the point-polygon extraction function of ArcGIS 9.3 (ESRI, Redlands, CA, USA). The climate grid was kindly provided by John Corbett, Mudsprings Geographers, Temple, Texas, USA.
The monthly mean temperature (MnT) was calculated using minimum temperature (IT) and maximum temperature (XT) (eq. 2) in order to calculate GDD, using the GDD base temperature of 10 °C (eq. 3). Since the thermal tolerance limit for the establishment of the parasite-snail system ranges from 10 °C to 25°C (Olaechea, 1994; Fuentes and Malone, 1999; Dutra et al., 2010) , the MnT values that were not within this range were assumed as null values.
MnT = IT -XT2
(eq. 2)
GDD = MnT -10 °C x days of month (eq. 3)
Climate-based daily forecast and seasonal transmission in Antioquia
In order to evaluate the temporal risk and interannual variation of fascioliasis within Antioquia, Index1 was calculated, using daily maximum and minimum temperature and rainfall data from a meteorological station located in Cucurucho, Santa Rosa de Osos municipality in the northern sub-region of Antioquia (6° 39'' North and 75° 30'' West, IDEAM code number 2701523, elevation 2,580 m above sea level. The Climate Based Parasitology Forecast software programme was used for the analysis (Malone et al., 1987) . For Antioquia, Index1 was calculated for each month and annually, considering two time periods: March 2007-February 2008 (Table 3) (Table 4) .
MaxEnt ecological niche modeling using Bioclim data
MaxEnt was used to develop a geostatistical probability surface for fascioliasis in Antioquia based on 19 Bioclim variables derived from the WorldClim Organization web site data set, a global 50-year longterm-normal climate data record (http://www.worldclim.org/current). The 3.3.3 version of MaxEnt (www.cs.princeton.edu/~schapire/maxent/) public domain software was downloaded and used in model development (Phillips et al., 2006) . Of the 19 Bioclim variables, nine were selected for further study (Table  3) based on an initial MaxEnt model run which indicated that these variables were the most strongly related to the presence of F. hepatica. 
GIS query-MODIS model
The spatial analyst extension of ArcGIS 9.3 was used to create 1 km radius buffer zones centered on herd prevalence data points and to extract data on elevation (SRTM) and MODIS data (http://modis.gsfc.nasa.gov/) with respect to the enhanced vegetation index (EVI) and the day and night land surface temperature (LST). Additionally, a subtraction of LST night from LST day images provided day-night temperature difference (dT) values in the buffer extraction data as an indicator of soil moisture regime. The data from the buffer extractions were analyzed to identify the range of values of these variables that are related to the presence of F. hepatica at the 231 sites with >5% prevalence. These "suitable" value ranges were then used to run map queries that allowed differentiation of the suitable areas from the unsuitable areas in Antioquia.
Results
Climate forecast grid model for Colombia
Climate grid cell values (18 x 18 km) were used to build a risk map for fascioliasis in Colombia (Fig. 2) , with darker colors indicating riskier areas. Much of the country fell into areas with average annual temperatures above 25 °C, a condition reported to restrict the development of the lymnaeid snail-F. hepatica system (Malone and Yilma, 1999) . A GIS "mask" overlay of grid cells with average annual temperatures >25 °C was therefore created to exclude unsuitable areas above this threshold, resulting in a map showing only the areas suitable for development and propagation of F. hepatica. Such areas were found mainly in the high elevation Andean zone (Fig. 3) . Fig. 4 shows the boundaries of Antioquia on an SRTM topographical map of Colombia. Tables 4 and 5 show results for Antioquia of monthly precipitation (PRE), water surplus, GDD (sum of the mean monthly temperatures >10 °C x days in each month) and monthly values calculated for the climate forecast Index1. Climate data for March 2007-February 2009 were obtained from the Cucurucho meteorological station which was considered representative of the area of endemic fascioliasis in Antioquia. The data suggest surplus water conditions suitable for lymnaeid snail habitats and propagation of F. hepatica The monthly pattern is shown more clearly in Fig. 5 , which is a graphic representation of more detailed forecast output results obtained by using daily climate values and the Climate Based Parasite Forecast System software which incorporates values derived from the GDD-WB concept. The bar diagram at the bottom panel indicates surplus water likely to fill surface water habitats suitable for snail-parasite population activity. This is reflected in the annual soil moisture storage pattern for the upper 25 mm (blue line) and lower 125 mm (red line); sustained presence of water in the top 50 mm was considered to be the beginning of suitable seasonal conditions for development and propagation of the snail-parasite system in Louisiana (Malone et al., 1987) . The daily accumulation of forecast index (yellow line) is based on accumulation of two values: (i) the arithmetic sum of GDD, conditional on soil water storage in the top 50 mm of soil and (ii) accumulation of the product of GDD and surplus water (to reflect the importance of rain events in metacercariae dispersal). 
Temporal pattern
Validation of the climate prediction model in Antioquia by GIS query and MaxEnt modelling
GIS query-MODIS model
Fascioliasis prevalence in the 10 sampled municipalities in Antioquia varied from 0.3% to 51.3% (Table  2 ). The mean prevalence was 21.6% (SD = 16.8).
Assuming that low prevalence values may be due to recently acquired animals, only those herds with prevalence values above 5% were considered endemic; therefore, the farms that were sampled in Jericó and in San José de la Montaña were excluded.
GIS buffer extraction data from a 1 km radius area centered on farm point locations were used to identify the critical range of MODIS environmental variables, elevation and temperature difference (dT) relevant to suitability for the lymnaeid snail-F. hepatica system for both 2008 and 2009 (Table 6 ) . These "suitable" crit- ical value ranges were then used to extrapolate within the GIS to areas of Antioquia where no data were available (Fig. 6b) . Results indicate that the predicted risk map pattern of the regional-scale GDD/WB climate grid forecast model (18 x 18 km) was similar to the pattern of the higher resolution (1 km 2 ) query-MODIS model.
MaxEnt ecological niche model
Using latitude-longitude coordinates of the selected 231 farm study sites and 19 Bioclim variables to represent climate features, an initial run of the MaxEnt software was used to select the nine BioClim variables (1 km 2 resolution) that contributed most to the probability map model. A second run of the model using these nine variables was used to produce the probability surface shown in Fig. 6c . The risk pattern was again similar to patterns seen in the coarse resolution Climate Grid Forecast model. The receiver operator characteristic (ROC) graph output by the MaxEnt software revealed an area under the curve (AUC) value of 0.98, and this indicates an excellent predictive model (Fig. 7) . Area calculations based on the models indicated that the suitable area for fascioliasis in Antioquia represented 4,058 of the total 13,134 km 2 (30%) predicted as suitable in all of Colombia.
The MaxEnt-generated Jackknife statistics seen in Fig. 8 shows the individual BioClim variables that were most important to F. hepatica distribution models were annual mean temperature, mean temperature of the wettest quarter, annual precipitation and precipitation of the wettest quarter, i.e. Bio1, Bio8, Bio 12 and Bio 16, respectively. This result coincides with expected correlation of favourable temperatures (>10 °C and <25 °C, optimum 18 °C) and wet season moisture regime for progression of the snail-parasite system life cycle. 
Discussion
GDD-WB forecast methods, previously developed for use in predicting climate-based F. hepatica risk elsewhere (Malone et al., 1987; Malone and Yilma, 1999; Fuentes, 2006 , Dutra et al., 2010 were adapted for use under Colombian highlands conditions to map the endemic area and annual patterns of transmission using monthly climate grid (18 x 18 km) data (Figs. 2 and 3) . The GIS risk maps produced revealed that the predicted area of endemic fascioliasis risk is largely confined to the high altitude Andean region of Colombia (Figs. 2 and 3) where temperate climates compatible with the F. hepatica life cycle occur (i.e. wet hydrological regimes with extended periods of nearly saturated soils of neutral pH and 10-25 °C temperature range (optimum 18 °C). This result is corroborated by a prior national survey of F. hepatica and gastrointestinal nematodes in Colombia by Griffiths et al. (1986) who reported the absence of F. hepatica at elevations <2,000 m above sea level.
Seasonal transmission pattern
Using daily climate records available from a representative meteorologic station in Antioquia, a Climate Based Parasite Forecast System software programme based on the GDD-WB concept was used to represent daily life cycle progression for 2007 and 2008 based on mean temperature and hydrological conditions that describe annual patterns of soil moisture content and surplus water (Fig. 5) . Seasonal climate suitability patterns indicated that the major annual transmission occurs in cattle in the wet season (i.e. July-February) in Colombia.
The monthly and daily GDD-WB forecasts are "biology-based models", predicated on known biological requirements and thresholds available from the literature and can be driven by long-term-normal (e.g. 30-year-average) or near-real-time monthly or daily climate station parameters. Seasonal transmission patterns were predicted by both monthly forecast values (Tables 4 and 5) , and by the daily GDD-WB forecast graphical output (Fig. 5) , but most accurately by the daily forecast. Daily forecast results indicated the optimum period for F. hepatica development and transmission in northern Antioquia began in July in 2007 vs. August in 2008. Results suggest there may be sufficient differences between years in intensity and seasonality of transmission that would justify distribution of annual fascioliasis forecasts to livestock producers and animal health workers.
Annual variation in transmission
The cumulative precipitation, soil moisture content, surplus water and annual forecast index values for (Tables 4 and 5 ; Fig. 5 ). According to Fuentes and , index values below 600 indicate no risk, values between 601 and 1,500 show low risk, index values between 1,501 and 3,000 represent moderate risk and values above 3,000 indicate high risk. This is based on the requirement that >600 GDD under suitable soil moisture conditions (water storage within the top 50 cm) is needed to complete one generation of the free-living and intramolluscan stages of F. hepatica. Taking into account the cumulative GDD values for each year, the forecast results show that a greater number of potential generations per year occurred in the 2007-2008 (3.94) than in 2008-2009 (3.31) . These results are consistent with the well known annual climate driven variation in transmission intensity of F. hepatica in endemic areas (Ollerenshaw and Rowlands, 1959) and suggest national scale annual forecasts can be developed for Colombia by running the daily or monthly climate based forecast models using current data available from representative climate stations of the World Meteorological Organization (WMO) or divisional average climate data from the national climate service.
Results of the current study suggest the optimum time for a single annual herd treatment by adulticidal fluke drugs (e.g. albendazole, clorsulon) is in the early dry season in Colombia (2-3 months after the end of the major wet season fluke transmission period (i.e. April-May) when transmission is minimal and there has been time for the flukes to develop into bile duct stages most susceptible to adulticidal drugs. Treatment with drugs with high efficacy against immature and mature flukes (e.g. triclabendazole) might be given a month or two earlier.
Annual differences in the forecast were also evaluated to determine the influence of the El Niño/La Niña-Southern Oscillation (ENSO) anomalies reported to occur at the time of the 2007-2009 study period (Table  7 ) (Climate Prediction Center Internet Team, 2011) . In Antioquia, the period from March 2007 to February 2008 had higher forecast indices than the corresponding period of the following year and, therefore, had a higher predicted risk. A preliminary review of reports of ENSO anomalies, revealed that there were several La Niña episodes in this period, suggesting that ENSO phenomena may relate to a greater or lesser annual transmission of fascioliasis in Colombia. The moving average temperatures start with December-February (DJF) and runs through November-January (NDJ). Warm episodes are shown in red and cold in blue, based on a threshold of +/-0.5°C for the Oceanic Niño Index (ONI). Source: Climate Prediction Center (http://www.cpc.ncep.noaa.gov/). Data from this meteorogical station ,as well as the data used here, were obtained from EmpresasPúblicas de Medellín (EPM), located 6°39´North and 75°30´West, IDEAM code number 2701523, Cucurucho, Santa Rosa de Osos municipality. DJF = December, January, February; JFM = January, February, March; FMA = February, March, April; MAM = March, April, May; AMJ = April, May, June; MJJ = May, June, July; JJA = June, July, August; JAS = July, August, September; ASO = August, September, October; SON = September, October, November; OND = October, November, December; NDJ = November, December, January. 
Municipality scale climate-based forecasts
Although much coarser in spatial resolution, the map generated by the climate grid forecast (18 x 18 km), when clipped to show only Antioquia, shows a compatible risk pattern when compared to both the higher resolution (1 km 2 ) MaxEnt-BioClim model and GIS query-MODIS model for mapping F. hepatica risk in Antioquia (Fig. 6) .
These results suggest that climate-based prediction models may best be developed for use at two scales: (i) production of a national-scale climate grid forecast to map relative risk and seasonality of F. hepatica and (ii) production of 1 km 2 scale risk maps that depict relative risk at higher resolution (municipality or department) using MaxEnt software with BioClim data parameters. Risk maps produced at either scale are based on long-term-normal climate parameters (30-years for the national scale grid, 50-years for the MaxEnt-BioClim 1 km 2 scale model) and thus represent distribution and abundance and average seasonal transmission patterns only. By contrast, the GIS query-MODIS model had the advantage, when compared to the MaxEnt-BioClim model, of using current MODIS climate surrogate data available via the Internet at 8-day (LST) and/or 16-day intervals (EVI) and thus could be developed in the future to issue current biweekly, monthly or annual forecasts of F. hepatica risk at municipality scales (1 km 2 ). It is possible to obtain daily or monthly data for the current year covering all of Colombia at representative national or divisional climate stations (e.g. WMO meteorological stations) for use in national-scale current-year annual forecasts. Results of current year national forecasts, with the 1 km 2 scale GIS query-MODIS models based on current year MODIS data, could be paired to produce current year risk maps. Taken together, results indicate it is possible to develop GIS decision-support systems for F. hepatica control programmes in Colombia and the Andes region at both a national and local scale. 
Conclusions
